Excision repair cross-complementing group 6 and 8 (ERCC6 and ERCC8) are two indispensable genes for the initiation of transcription-coupled nucleotide excision repair pathway. This study aimed to evaluate the interactions between single nucleotide polymorphisms of ERCC6 (rs1917799) and ERCC8 (rs158572 and rs158916) in gastric cancer and its precancerous diseases. Besides, protein level analysis were performed to compare ERCC6 and ERCC8 expression in different stages of gastric diseases, and to correlate SNPs jointly with gene expression. Sequenom MassARRAY platform method was used to detect polymorphisms of ERCC6 and ERCC8 in 1916 subjects. In situ ERCC6 and ERCC8 protein expression were detected by immunohistochemistry in 109 chronic superficial gastritis, 109 chronic atrophic gastritis and 109 gastric cancer cases. Our results demonstrated pairwise epistatic interactions between ERCC6 and ERCC8 SNPs that ERCC6 rs1917799-ERCC8 rs158572 combination was associated with decreased risk of chronic atrophic gastritis and increased risk of gastric cancer. ERCC6 rs1917799 also showed a significant interaction with ERCC8 rs158916 to reduce gastric cancer risk. The expressions of ERCC6, ERCC8 and ERCC6-ERCC8 combination have similarities that higher positivity was observed in chronic superficial gastritis compared with chronic atrophic gastritis and gastric cancer. As for the effects of ERCC6 and ERCC8 SNPs on the protein expression, single SNP had no correlation with corresponding gene expression, whereas the ERCC6 rs1917799-ERCC8 rs158572 pair had significant influence on ERCC6 and ERCC6-ERCC8 expression. In conclusion, ERCC6 rs1917799, ERCC8 rs158572 and rs158916 demonstrated pairwise epistatic interactions to associate with chronic atrophic gastritis and gastric cancer risk. The ERCC6 rs1917799-ERCC8 rs158572 pair significantly influence ERCC6 and ERCC6-ERCC8 expression.
INTRODUCTION
Nucleotide excision repair (NER) is a critical and versatile system that monitors and repairs a broad spectrum of DNA damage. NER is composed of global genome nucleotide excision repair (GGR) and transcription-coupled nucleotide excision repair (TCR) [1] . TCR specifically repairs RNA polymerase II (RNAPII) blocking DNA lesions and ensures the transcribed strand of the active gene to be repaired preferentially than the other sites of the genome [2] . ERCC6 (Excision repair cross-complementing group6, alternatively known as CSB) and ERCC8 (Excision repair cross-complementing group8, alternatively known as CSA) gene, are two indispensable core genes for the initiation of TCR pathway [3] . They were first described in the Cockayne syndrome (CS), a human autosomal recessive disease. ERCC6 and ERCC8 proteins, with direct interaction, jointly participate in DNA repair, transcriptional regulation, maintenance of the chromosome stability and chromatin remodeling [4] [5] [6] .
Sequence variations and differential expression of the genes accounting for major components of human DNA repair system may be implicated in the carcinogenesis and development of cancer [7, 8] . In our previous study, we systematically analyzed the association of 43 SNPs of ten key NER pathway genes including ERCC6, ERCC8 with survival of gastric cancer (GC) patients [9] , and found that ERCC6 SNP could predict GC prognosis. Moreover, ERCC6 rs1917799 and ERCC8 rs158572 polymorphisms were associated with increased GC risk separately [10, 11] . However, it is unclear whether there are interactions among ERCC6 and ERCC8 SNPs, by which it may enhance the risk warning for GC or its precancerous diseases because SNP-SNP interactions could be more valuable than a single SNP in cancer prediction [12] [13] [14] . In addition, it is also elusive whether the SNP-SNP combination is functional to influence ERCC6 and ERCC8 expression and whether the protein expression individually or jointly is associated with the development of GC, by which it may provide a genetic clue for phenotypic variations of gastric diseases and gastric carcinogenesis.
In this case-control study based on Chinese populations, we evaluated the two-and three-dimensional interactions between SNPs of ERCC6 and ERCC8 in GC and its precancerous diseases. We also performed protein level analysis to compare ERCC6 and ERCC8 expression (alone or in combination) in chronic superficial gastritis (CSG), chronic atrophic gastritis (CAG) and GC, and to correlate SNPs jointly with gene expression. We hoped to find potential combinations of biomarkers that could provide experimental evidence for the early diagnosis of GC.
RESULTS

Interaction analyses of ERCC6 and ERCC8 SNPs in different gastric diseases
Interactions between ERCC6 and ERCC8 SNPs in the risk of GC and CAG We firstly focused on the pairwise interaction effects for SNPs of ERCC6 and ERCC8. In the two-way interaction analyses, significant interaction was observed. The results indicated that ERCC6 rs1917799 and ERCC8 rs158572 polymorphisms had interaction effects for CAG and GC (P interaction =0.013 and 0.021, separately). In addition, ERCC6 rs1917799 showed a significant interaction with ERCC8 rs158916 in relation to GC risk (P interaction =0.042) ( Table 1) . These results demonstrated that combination of the SNPs could have a synergistic effect on gastric carcinogenesis.
Indeed, such an interaction effect between polymorphisms of two or more genes may be indicative of epistasis [15] , which refers to an interaction between a pair of loci, in which the phenotypic effect of one locus depends on the genotype at the second locus. As such, the genetic effects of the polymorphisms on disease risks would have been missed had they not been tested jointly. We therefore examined the epistatic effects between pairs of interacting factors. For ERCC6 rs1917799 and ERCC8 rs158572, GT/GG genotypes of rs1917799 and GA/GG genotypes of rs158572 each conferred a reduced risk of CAG (OR = 0.35 and 0.59, respectively), but only if they were both present; rs158572 GA/GG genotypes were associated with an increased risk of GC, but only in the presence of TT genotypes of rs1917799. Regarding ERCC8 rs158916, the CT/CC genotype was associated with a reduced risk of CAG (OR = 0.66), but only in the presence of the ERCC6 rs1917799 GT/GG genotype ( Table 2) .
Moreover, interactions involving multiple polymorphisms were also explored among the three SNPs of ERCC6 and ERCC8 involved in pairwise interactions. However, ERCC6 rs1917799-ERCC8 rs158572-ERCC8 rs158916 had no obvious interaction in relation to CAG or GC risk (both P interaction >0.05) ( Table 3 ). All these evidences suggest that the SNP-SNP interaction is mainly in an epistatic pairwise pattern.
Effect modification of H. pylori infection on the SNP-SNP interactions
Helicobacter pylori (H. pylori) infection is the most important environmental factor which may interact with hereditary factors to increase host susceptibility. We next investigated three-way interaction of ERCC6 and ERCC8 SNPs with H. pylori infection. There was no three-way combination had obvious interaction with CAG or GC risk (all P interaction >0.05) (Supplementary Table 2 ).
Individual and joint expression of ERCC6 and ERCC8 in different gastric diseases
Individual expression of ERCC6 and ERCC8 in different gastric tissues
We detected ERCC6 and ERCC8 in situ expression in CSG, precancerous CAG and GC by immunohistochemistry separately. ERCC6 and ERCC8 immunostaining were predominantly observed in the cytoplasm (Figure 1 ). Our results showed that expression of ERCC6 in CSG was higher than that in CAG and GC (P<0.001), but there was no obvious difference between CAG and GC (P=0.412). The expression of ERCC8 in CSG was higher than that in CAG and GC (P<0.001), but was lower in CAG than in GC (P=0.001) (Table 4) (Figure 2 ). GC cases were further classified into CAG group/non-CAG group by histopathological examination of adjacent non-cancerous tissues, and intestinal/diffuse group by Lauren's Classification. In the stratified analysis, we found that positivity of ERCC6 and ERCC8 were higher in CSG than in different type of GC (all P<0.001). ERCC6 positivity was lower in diffuse GC than that in CAG (P=0.006), and ERCC8 positivity was lower in CAG compared with CAG-GC (P<0.001), intestinal-GC (P<0.001) and diffuse-GC (P=0.024). ERCC6 and ERCC8 expressions were significantly higher in intestinal GC than in diffuse GC (both P<0.05) ( Table 4) .
Joint expression of ERCC6 and ERCC8 in different gastric tissues
For the joint expression of ERCC6 and ERCC8, the results showed that ERCC6-ERCC8 double positive expression in CSG was significantly higher than in CAG and GC (both P<0.001), while no obvious difference was observed between CAG and GC (P=0.197). For subgroup analysis, ERCC6-ERCC8 expression was higher in CSG compared with different type of GC (all P<0.001), higher in intestinal-GC than in CAG (P=0.014) and diffuse-GC (P=0.014) ( Table 4) .
Effects of ERCC6 and ERCC8 SNPs on the protein expression Effects of a single SNP on ERCC6 and ERCC8 expression
To examine whether the gene expression are correlated with ERCC6 and ERCC8 SNPs, 109 CSG Table 1 ).
Joint effects of SNP combination on ERCC6 and ERCC8 expression
As for joint analysis of two SNPs, in the CSG group, the ERCC6 rs1917799-ERCC8 rs158572 pair had significant effect on ERCC6 and ERCC6-ERCC8 expression (P=0.021 and 0.011, respectively). The lowest protein expression was observed in TT-GA/GG combined genotype, and GT/GG-GA/GG genotype had the highest protein expression (Table 5) .
DISCUSSION
As important members of the NER repair pathway, ERCC6 and ERCC8 are the only two necessary factors for TCR recognition. The novelty of the present study is that the results of genetic model dependent-analyses at protein levels provide a new prospective for a link between interaction of ERCC6-ERCC8 SNPs, interaction of ERCC6-ERCC8 gene expression and phenotypic variations of gastric diseases. To the best of our knowledge, this is the first study to investigate the relationship between ERCC6-ERCC8 SNP interactions, joint protein expression and GC/CAG risk. To some extent, it may help us to gain an in-depth understanding towards the association between ERCC6 and ERCC8 functional genotypes, coding protein and gastric carcinogenesis.
Evidence is accumulating that ERCC6 and ERCC8 polymorphisms have a close relationship with the susceptibility, progression and prognosis of various malignancies [16] [17] [18] [19] [20] . In our previous pilot study, three potential functional SNPs, ERCC6 rs1917799, ERCC8 rs158572 and rs158916 were detected and two of them were supposed to be associated with GC risk [10, 11] . In the current study, we further analyzed the interaction effect of the SNPs, and found that ERCC6 rs1917799 and ERCC8 rs158572 polymorphisms were associated with CAG and GC. ERCC6 rs1917799 also showed a significant interaction with ERCC8 rs158916 in relation to GC risk. It is worth noting that such an interaction effect between polymorphisms of two or more genes may be indicative of epistasis [15] , which has been involved in susceptibility to various malignancies [21, 22] . In this study, the strongest epistatic interaction was the pairwise ERCC6 rs1917799-ERCC8 rs158572 combination. Both the rs1917799 GT/GG genotype and the rs158572 GA/ GG genotype were associated with a reduced risk of CAG, but only in combination. Another two pairs of factors with epistatic effects were identified: rs158572 GA/GG genotypes were associated with an increased risk of GC, but only in the presence of TT genotypes of rs1917799; and rs158916 CT/CC genotype was associated with a reduced risk of CAG, but only in the presence of the rs1917799 GT/GG genotype. We also performed interaction analysis involving multiple polymorphisms of ERCC6 and ERCC8 and the effect modification of H. pylori infection. However, no significant interaction was observed for the three SNPs or SNP-SNP-H. pylori combination. These results demonstrated that the three polymorphisms contribute to gastric carcinogenesis mainly in an epistatic pairwise pattern. In a word, these evidences suggest that the combination of ERCC6 and ERCC8 SNPs could have a synergistic effect on gastric carcinogenesis. Furthermore, individual and joint expression of ERCC6 and ERCC8 were also evaluated by immunohistochemistry in different gastric diseases, which have never been reported before. Our results showed the expressions of ERCC6, ERCC8 and ERCC6-ERCC8 combination have similarities, that higher positivity was observed in CSG compared with CAG and GC. Specifically, ERCC6 positivity decreased as CSG→CAG→GC development, whereas lowest positivity of ERCC8 was observed in CAG group. For ERCC6-ERCC8 joint expression, both CAG and GC group had very low positivity. Therefore, we supposed that ERCC6-ERCC8 joint expression was more suitable for discriminating normal and diseased mucosa, and ERCC8 was a better marker to distinguish CAG from other gastric diseases. Although ERCC6 and ERCC8 might play important roles in the initiation of GC and could serve as biomarkers for this disease, the underlying mechanisms remain unexplored. Physiologically, the expression of DNA repair genes reflects the cellular ability to meet repair demand once cells are stimulated by carcinogens. ERCC6 and ERCC8 defects specifically disrupt the coupling of transcription and repair, resulting in a loss of normal rapid repair [23] . Recently, it was reported that ERCC6 and ERCC8 deficient mice were more susceptible to both UV-and chemically-induced skin cancer [24, 25] . Javeri et al. [26] found that ERCC6 knockdown in human keratinocytes decreased DNA repair capacity for UV-induced cyclobutane dimers as well as 8-oxodeoxyguanine, providing mechanistic evidence of a role for ERCC6 in skin carcinogenesis. In addition, different histological type of gastric cancer is thought to differ in pathogenesis, based on dissimilar variants and expression of various genes. A clear difference in genomic instability and DNA mismatch repair between intestinal-GC and diffuse-GC was found [27] . We observed that ERCC6 and ERCC8 positive rates were higher in intestinal-GC than diffuse-GC, from a side confirmed that intestinal subtype is more associated with genomic instability and DNA repair. In brief, we hypothesized that downregulation of ERCC6 and ERCC8 may result in lower DNA repair capacity, thus elevating cancer susceptibility by allowing unrepaired DNA damage to remain, ultimately leading to carcinogenesis. Genetically determined factors may lead to interindividual variation in protein expression and function. Population-based epidemiologic studies have shown that ERCC6 and ERCC8 polymorphisms have a significant impact on the risk of some human malignancies, including gastric cancer [10, 11, 16, [28] [29] [30] . In vitro evidence indicated that ERCC6 polymorphisms may alter protein function [16, 31] , and reduced ERCC6 protein levels were associated with increased cancer risk [32, 33] . However, it is unclear whether the interactions of ERCC6-ERCC8 SNPs influence protein expression in gastric mucosa, which could help to reveal hidden heritability for gastric carcinogenesis. Therefore, we further investigated the functional relevance of ERCC6 and ERCC8 SNPs on gene expression in a fixed group (CSG) at protein level. We found that single SNP had no correlation with corresponding gene expression. As for joint analysis of two SNPs, the ERCC6 rs1917799-ERCC8 rs158572 pair had significant effect on ERCC6 and ERCC6-ERCC8 expression. The lowest protein expression was observed in TT-GA/GG combined genotype, and GT/GG-GA/GG genotype had the highest protein expression. Interestingly, the TT-GA/ GG combination was found to have a correlation with increased GC risk, and GT/GG-GA/GG genotype can decrease CAG risk. ERCC6_rs1917799 polymorphism is located in 5' regulatory region of ERCC6 gene and predicted having promoter activity. ERCC8_ rs158572 is located in region of intron in ERCC8 gene and predicted having enhancer activity (FASTSNP, http://fastsnp.ibms. sinica.edu.tw/pages/input_CandidateGeneSearch.jsp). It is reported that distal regulatory enhancer elements in the genome can interact with proximal promoter regions to regulate the target gene's expression, and variants that change such interactions will cause the target gene to be dysregulated [34, 35] . We speculated that GT/GG-GA/ GG genotype combination may activate such enhancerpromoter interaction to upregulate the gene expression, whereas there is no such effect for TT-GA/GG genotype. The regulation of gene expression by SNP combination may partially explain why individuals with specific genotypes had decreased risk of CAG or increased risk of GC.
In summary, ERCC6 rs1917799, ERCC8 rs158572 and rs158916 demonstrated pairwise epistatic interactions to affect CAG and GC risk. Expression of ERCC6, ERCC8 and ERCC6-ERCC8 combination have similarities that higher positivity was observed in CSG than CAG and GC. The ERCC6 rs1917799-ERCC8 rs158572 pair had significant influence on ERCC6 and ERCC6-ERCC8 expression. The regulation of SNP combination on gene expression may provide the genetic evidence for phenotypic variations of gastric diseases. Nevertheless, more thorough functional analysis will verify the interactions of genetic variation and gene expression between ERCC6 and ERCC8 in gastric carcinogenesis. 
MATERIALS AND METHODS
Study population
The design of this study was approved by the Human Ethics Committee of the First Affiliated Hospital of China Medical University (Shenyang, China) before the outset of the research. Written informed consent was obtained from each study participant.
For the genetic association study, 1916 subjects were recruited from a population-based, combined serologic/endoscopic screening program for GC in the Zhuanghe area of Liaoning Province between 1997 and 2011. The screening population selection and recruitment process were reported previously [36] . All the enrolled subjects were diagnosed based on the gastroscopic and histopathological examinations by two independent pathologists. Patients with a history of other malignant tumors were excluded from our study. Histopathological findings were assessed according to the visual analog scale of the updated Sydney System for gastritis [37] and the World Health Organization (WHO) criteria for GC [38] . A 5-ml fasting venous blood sample was obtained for DNA isolation. The segregated blood clots were immediately frozen and stored until analysis. All the enrolled subjects were histologically classified into three groups: GC, CAG, and CSG (healthy control subjects with relative normal mucosa or only mild superficial gastritis). The demographic and geographic characteristics of study participants are shown in Table 6 .
For the protein expression study, tissue samples were obtained from 109 GC patients from the anorectal department of the First Affiliated Hospital of China Medical University, who underwent surgical treatment, without neoadjuvant chemoradiotherapy or other therapy between 2012 and 2015. Additionally, 109 individuals with CSG and 109 patients with CAG were randomly matched from the above mentioned genetic association study. There was no statistical difference among the groups in terms of age and gender composition (Table 6 ).
SNP genotyping
Whole blood from individuals was collected, and blood clots were allowed to form by incubating clot- activating tubes at room temperature for 1 h. Each clot was transferred to a 2-ml centrifuge tube and stored at −80 °C until DNA extraction. Genomic DNA of the blood samples from included subjects was extracted from venous blood as previously described using routine phenol-chloroform method [39] . For genotyping, the DNA concentration was adjusted to 50 ng/μl. SNP genotyping was performed using Matrix assisted laser desorption/ionization time of flight mass spectrometry, as previously described [40] . Briefly, all samples were placed randomly into 384-well plates and blinded for disease status. The genotyping assay was performed by CapitalBio (Beijing, China) using the Sequenom MassARRAY platform (Sequenom, San Diego, CA, USA). To evaluate the quality of the genotyping, 5% samples were repeatedly genotyped and the consistency rate was higher than 99%.
In situ protein expression by immunohistochemistry
Paraffin-embedded tissues were sectioned into 4-μm-thick sections, and mounted onto positive-charged glass slides. Briefly, slides were deparaffinized in xylene, rehydrated in a graded alcohol series, washed in tap water and boiled at 95°C for 30 min in citric acid buffer (pH 6.0) for antigen retrieval. Endogenous peroxidase activity was blocked by washing with 3% hydrogen peroxide solution for 10 min, and the sections were then washed with phosphate-buffered saline (PBS, pH 7.4). Tissue collagen was blocked to avoid nonspecific binding by adding 10% normal goat serum at 37°C for 30 min. The sections were incubated with primary antibodies against ERCC6 (TA313375, 1:300, Origene, Rockville, MD, USA) and ERCC8 (AV31542, 1:500, Sigma, Saint Louis, MO, USA) at 37°C for 1 h. After rinsing three times with PBS, the sections were incubated with biotinylated secondary goat anti-rabbit antibody (Maixin, Fuzhou, Fujian, China), and then with streptavidin-biotin peroxidase for 10 min each. After secondary antibody staining, diaminobenzidine (DAB) was used as the chromogen for 1 min. Finally, slides were rinsed with water, counterstained with hematoxylin blued in water, dehydrated, cleared in xylene, and mounted.
Standards for immunohistochemistry evaluation
ERCC6 and ERCC8 staining were mainly located in the cell membrane and cytoplasm. Staining results were evaluated independently by two pathologists blinded to the clinicopathological characteristics of patients. ERCC6 and ERCC8 expression were scored using a semi-quantitative method that took into account both the staining intensity and the percentage of cells at that intensity [41] . For each sample, staining intensity was scored according to intensity (0, no staining; 1, mild staining; 2, moderate staining; 3, strong staining) and range (0, ≤5%; 1, 5%-25%; 2, 25%-50%; 3, 50%-75%; 4, ≥75%) of the staining.
Finally, the staining intensity and the staining range were multiplied to generate an immunoreactivity score (IS) for each sample, which was divided as: no staining, 0; mild staining, 1-4; moderate staining, 5-8; severe staining, 9-12. A score of 0 meant negative expression, while all others indicated ranges of positive expression.
Detection of the serum H. pylori IgG titer
We tested the serum H. pylori immunoglobulin G (IgG) antibody titer by enzyme-linked immunosorbent assay (Helicobacter pylori IgG kit; Biohit, Helsinki, Finland) according to a previously described method [42] . Patients with a serum titer > 34 IU were diagnosed as H. pylori positive.
Statistical analysis
This study defined the heterozygote plus rare homozygote compared with the wild-type genotype as the dominant model, the mutant genotype compared with the wild-type genotype plus the heterozygote as the recessive model [14] . The distribution of demographic characteristics and the genotypes in case and control groups was tested using chi-square test. Multivariate logistic regression analysis adjusted by age and sex was used to assess the OR and 95% confidence interval for the GC and CAG risks. The log likelihood ratio test was used for the interaction analysis between SNPs. Chi-square test was used to analyze differential expression of ERCC6 and ERCC8 between different gastric diseases and the correlation between SNP and gene expression. All statistical tests were performed using SPSS 18.0 (SPSS Inc., Chicago, IL, USA). P values less than 0.05 were considered statistically significant.
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